How the activities of plus end-tracking proteins are cell cortex outside the cell ends because mal3p dissocicoordinated in space and time is poorly understood. In ates prematurely without tip1p, which is followed by a this study, we investigated the role of mal3p in organizpremature catastrophe.
in mutant cells by using tubulin tagged with the green curvature. In mal3⌬ cells, however, catastrophes occurred in the cytoplasm (38%), at the cell cortex in the fluorescent protein (GFP) [21] . In this way it has been shown that the microtubules grow all the way to the cell cell center (55%), and in cell-end regions (7%) ( Figure  1D ). This shows that in the absence of mal3p, catastroends where they then become destabilized and undergo catastrophe [22] . This ensures that the cell end-marker phe events are no longer spatially restricted. protein tea1p is deposited at the cell ends, thus ensuring correct positioning of the growth zones [18, 19] .
mal3p Localizes to the Microtubule Lattice tip1p contributes to the proper spatial organization and Accumulates at Microtubule Tips of interphase microtubules by preventing catastrophe
We raised a rabbit polyclonal anti-mal3p antibody, when microtubule tips contact the cell cortex in central which detects two mal3p specific bands of approxiregions of the cell. This allows the microtubules to conmately 38 kDa (Figure 2A ). -phosphatase treatment tinue growing below the cortex, which automatically orieliminated the higher molecular weight band showing ents them parallel to the long cell axis and allows them that it depicts phosphorylated mal3p ( Figure 2A ). to efficiently target the cell ends [23] . In tip1-deleted
We next used the anti-mal3p antibody with an anticells, interphase microtubules are shortened because tubulin antibody for immunofluorescence localization catastrophes can occur prematurely at the cell cortex studies. Particles of mal3p were distributed along the in central regions of the cell. Shortened interphase mimicrotubules but were most prominent at their distal crotubules have also been reported for cells lacking tips and on the iMTOCs ( Figures 2B and 2C ). Fainter mal3p, but the cause for the shortening is not known staining also covered the microtubule lattices. During [8, 15]. Here we have investigated the role of mal3p mitosis a similar mal3p distribution was detected on the in microtubule organization. We present evidence that astral spindle microtubules, and mal3p also decorated mal3p interacts with tip1p and that together the proteins the entire mitotic spindle and both spindle poles (data define a system that is required for the proper organizanot shown). Immunofluorescence staining of mal3⌬ cells tion of interphase microtubules.
showed no microtubule-associated signal, and cytoplasmic fluorescence was strongly reduced as compared to wild-type, indicating that wild-type cytoplasm Results contains considerable levels of mal3p (data not shown).
mal3p Promotes Microtubule Growth Cells carrying a mal3 deletion (mal3⌬) possess shortmal3p Particles Display Complex Movements
To investigate the dynamics of mal3p, we tagged the ened interphase microtubules [8] . To investigate how mal3p affects microtubules, we analyzed their dynamics protein with GFP. A previously described carboxy-terminal-tagged mal3p causes altered cell morphology and in mal3⌬ cells that express GFP-tagged ␣2-tubulin to allow 3D time-lapse imaging of microtubules [21] . In microtubule appearance [8, 15] . Therefore, we replaced endogenous mal3p with an amino-terminal-tagged these cells, microtubules grew from the usual three to six iMTOCs, reaching, on average, half the length of mal3p (GFP-mal3p), which was expressed with the repressible nmt1 promoter. Under repressed conditions, wild-type microtubules (Figures 1B and 1C, and Movies 1 and 2). The average growth and shrinkage rates did GFP-mal3p cells were of wild-type appearance with respect to growth rates, shape, microtubule organization, not change significantly, whereas the catastrophe frequency increased by more than 2-fold ( Figure 1C) . and microtubule dynamics (data not shown). The residual promoter activity was sufficient to express GFPIn fission yeast, events that are equivalent to rescues are largely restricted to the stable overlap zones of the mal3p at a level of approximately ten times that of the endogenous promoter (see the Experimental ProceiMTOCs. They can be observed only after all the microtubules in a bundle have depolymerized. We found a dures). GFP-mal3p localized similarly to endogenous mal3p ( Figures 2D and 2E) ; however, in living cells the slight increase in the number of such events per observation time in mal3⌬ cells ( Figure 1C ). This reflects the uniform association with the microtubule lattices became more obvious. This enabled us to simultaneously considerably shortened lifetimes of the microtubules and is also a function of the pausing time between comfollow microtubule dynamics and the behavior of microtubule-associated GFP-mal3p particles. Time-lapse impleted depolymerization and the reinitiation of growth of the first microtubule. Whereas in wild-type cells these aging revealed that the particles moved in two directions, outbound toward the cell ends and inbound pauses lasted for 28 s on average, it took 55 s on average in mal3⌬ cells before a microtubule was seen growing toward the cell center ( Figure 3A and Movie 3). Outbound particles moved from the iMTOCs toward the cell ends, out from the iMTOC ( Figure 1C ). In the absence of mal3p, the microtubules thus initiate growth with reduced effiwhereas inbound particles appeared de novo somewhere along the microtubules and moved toward the ciency. Because mal3p affects the initiation of microtubule growth and its maintenance by catastrophe inhiiMTOCs, where they fused with other particles. Inbound particle velocity was higher than outbound particle vebition, we conclude that mal3p is a general promoter of microtubule growth. locity but was considerably lower than the speed of depolymerizing microtubule tips ( Figure 3B ). In our time-lapse experiments we recorded confocal sections covering the entire volume of the cell, which GFP-mal3p particles were usually not associated with depolymerizing, but with all growing microtubule tips enabled us to analyze the spatial distribution of catastrophes. In wild-type cells these occurred in 96% of the ( Figures 3A and 3C) . From there they disappeared in cellend regions, preceding catastrophes ( Figures 3C-3F ). cases in cell-end regions, as defined by the cell-wall Disappearance could be the consequence of reduced ference to GFP-mal3p with respect to localization, particle velocity, and direction of movement or disappearmicrotubule growth preceding catastrophes if mal3p association with the microtubule tips was dependent on ance from microtubule tips (data not shown). Notably, however, the variant caused abnormal microtubule bemicrotubule polymerization. In this scenario the amount of mal3p at microtubule tips should be a function of havior in cell-end regions, which is likely to be the cause of the previously reported shape abnormalities [8, 15]. microtubule growth. To test this we compared microtubule growth speeds with the amount of mal3p at their tips by quantifying particle fluorescence intensities. As Outbound mal3p Particles Mark Additional Microtubule Tips shown in Figure 4A , the amount of mal3p on growing microtubule tips and the speed of microtubule growth GFP-mal3p particles also moved outbound along depolymerizing microtubules. When these particles evendid not correlate. Furthermore, when microtubule tips contacted the cell ends, mal3p particles remained assotually encountered the incoming microtubule tip, they often continued to move toward the cell ends, now markciated as long as the microtubule tip remained there (up to several minutes). The duration of mal3p association ing the tip of a growing microtubule ( Figure 4B ). Due to resolution limitations we were unable to determine correlated with the time a microtubule remained at the cell end, and the particles only disappeared shortly bewhether the outbound GFP-mal3p particles had induced a rescue or whether they marked the tips of other growfore catastrophe occurred ( Figures 3A and 3F ). We conclude that mal3p localization to microtubule plus ends ing microtubules. Because there is increasing evidence that interphase microtubules are bundles of individually is not correlated with microtubule polymerization and that removal of mal3p from the microtubule tips may be growing microtubules [24, 25] , we tested whether the outbound GFP-mal3p particles that move along a microa prerequisite for catastrophe to occur.
To exclude that GFP-mal3p localization and particle tubule were marking microtubule tips. These particles moved with speeds similar to particles marking the visidynamics were artifacts created by the 10-fold mal3p overexpression, we also created a carboxy terminally ble distal end of a bundle ( Figure 3B ). For further analysis, we took advantage of the fact that GFP-mal3p deco-GFP-tagged mal3p variant. This variant showed no dif-mal3p Is Epistatic to tip1p and Its Localization Is tip1p Independent Like mal3p, the CLIP-170 homolog tip1p localizes to growing microtubule tips and suppresses catastrophes. To investigate the functional relationship between mal3p and tip1p, we analyzed a mal3⌬tip1⌬ double-deletion strain. This strain displayed a mal3⌬ mutant phenotype. The microtubules were of similar length and catastrophes were not spatially restricted like in tip1⌬ cells (Figure 5A and data not shown) . mal3 is thus epistatic to tip1.
We next investigated whether mal3p localization is tip1p dependent. Immunofluorescence studies showed that mal3p localized normally to the shorter microtubules of tip1-deleted cells (tip1⌬) (Figure 5B ). In living tip1⌬ cells, the GFP-mal3p also localized similarly to the wild-type ( Figure 5C ), and the dynamic behavior of GFPmal3p particles was unchanged ( Figure 5D and Movie 4). The binding of mal3p to microtubules and the dynamics of mal3p particles are therefore independent of tip1p.
The main difference between wild-type and tip1⌬ cells is that in the latter the microtubule tips rarely reach the cell ends because premature catastrophes occur when they encounter the cortex in central regions of the cell. The disappearance of the GFP-mal3p particles from the microtubule tips also preceded these mislocated catastrophes ( Figures 5E and 5F ). Similar to wild-type cells, we could not find a correlation between microtubule growth rate and the amounts of mal3p at the microtubule tips ( Figure 5G ). Furthermore, we could observe that the microtubules continued to grow for short periods of time even while the mal3p signal disappeared from their tips, which excludes that mal3p disappearance is caused by reduced microtubule polymerization ( Figure 5H ).
Our results suggest that the localization of mal3p to interphase microtubules is independent of tip1p but that tip1p is needed to restrict the dissociation of microtubule tip associated mal3p particles to the cell-end regions. ends ( Figure 6A ) [23] . In mal3⌬ cells we could only observe very faint tip1p particles, which were dispersed rates the lattice of all microtubules and that therefore throughout the cell ( Figure 6B ). Because the particles two adjacent microtubules will appear brighter than a were present at a relatively high density, we were unable single one. We compared the GFP-mal3p signal intensity to unambiguously determine whether they were assoof a defined microtubule lattice stretch proximal (toward ciated with the short microtubules of mal3⌬ cells. the iMTOC) and distal to the first particle behind a growWe therefore repeated the experiment in mal3⌬ cells ing microtubule tip ( Figure 4C 
ure 6C). Colocalization studies using a sad1p-DsRed mal3p and tip1p Interact Directly
We have found that tip1p localization to growing microconstruct showed that some tip1p particles colocalized with the interphase spindle pole body (data not shown).
tubule tips is mal3p dependent and that tip1p is required to maintain mal3p association with the growing microHence, in the absence of mal3p, tip1p only appears to be able to associate with microtubules at the iMTOCs, tubule tips at the central cell cortex. To test whether these interactions could be direct, we performed coimbut not along the microtubules or at their tips. fied proteins. In our experiments, GST-tagged tip1p was able to bind to His-tagged mal3p, but not the His-tagged GFP control ( Figure 8B ). His-tagged mal3p was unable to bind GST alone. Hence, tip1p can interact directly with nonphosphorylated mal3p.
We went on to map the interacting regions of tip1p and mal3p. mal3p contains a conserved amino-terminal calponin homology domain, which mediates microtubule binding in EB1. Like most EB1 family members, mal3p also contains a short coiled-coil stretch followed by the conserved EB1 domain at the carboxyl terminus. tip1p has a conserved CAP-Gly domain at its amino terminus, followed by a serine-rich amino acid stretch, several coiled-coil regions, and a metal binding domain. We tested multiple bacterially purified mal3p and tip1p fragments for their ability to bind to full-length tip1p and mal3p respectively ( Figure 8A ). Only the amino-terminal, CAP-Gly domain containing part of tip1p bound to mal3p ( Figures 8C and 8D) , whereas the region of mal3p containing the coiled coil and the EB1 domain mediated binding to tip1p (Figures 8E and 8F ).
Discussion
We have investigated how the microtubule plus endtracking protein mal3p contributes to the organization of interphase microtubules and how its activity is related to that of another microtubule plus end-tracking protein, tip1p. We found that mal3p is a general promoter of microtubule growth. In its absence the microtubules are less efficient in initiating growth from the iMTOCs, and is different from the mal3⌬ cells where catastrophes frequently occur in the cytoplasm even before growing microtubule tips have reached the cell cortex. This suggests that mal3p is required for microtubule growth munoprecipitation experiments and protein binding assays. We isolated tip1p and mal3p from cell extracts throughout the cell and that mal3p may be more fundamental to microtubule growth than tip1p. Several substiwith the respective antibodies and found that a significant fraction of tip1p or the nonphosphorylated mal3p tution experiments between mal3p and human EB1 have suggested that their function is highly conserved [8, 14, coimmunoprecipitated with mal3p and tip1p, respectively (Figures 7A-7C) Figures 7A and 7B) .
To test for direct association of tip1p and mal3p, we this difference means. It is possible that not all EB1 homologs have identical roles in controlling microtubule performed protein binding assays with bacterially puri- dynamics. In Drosophila, only one of several EB1 family the human homolog for their ability to substitute for mal3p activity. members has been thus far eliminated by RNA interference. It is possible that removal of other family members In addition to its role in controlling microtubule dynamics, mal3p is also required for the localization of tip1p will produce effects similar to mal3 deletion. It should be interesting to test other EB1 family members besides to growing microtubule tips. This is surprising because recombinant tip1p, like CLIP-170, can bind to pure microtubules [23, 27] . The conserved CAP-Gly domain is thought to mediate this interaction. This is based on the finding that a fragment of human CLIP-170, containing the CAP-Gly domain and an adjacent serine-rich amino acid stretch, can bind to the lattice of purified microtubules [28, 29] . Furthermore, in vivo, the same protein fragment is necessary and sufficient for microtubule plus-end binding [28, 29] . Intriguingly, the equivalent CAP-Gly domain fragment from tip1p directly binds to mal3p. This raises the possibility that in fission yeast cells, tip1p is recruited to the growing microtubule tips by mal3p. However, we cannot exclude that the requirement of mal3p is indirect, for example, if binding of mal3p to the CAP-Gly region modifies its affinity to microtubule tips. Alternatively, mal3p could somehow modify the structure of the microtubule tip and in this way facilitate tip1p binding independent of a direct interaction. Our results raise another intriguing possibility, namely that mal3p inhibits microtubule catastrophes by recruiting the catastrophe inhibitor tip1p. However, we show that unlike tip1p, mal3p is already required for catastrophe inhibition when microtubules grow in the cytoplasm. In this situation mal3p would therefore be acting through 
